Caveolin-1 regulates dorsoventral patterning through direct interaction with β-catenin in zebrafish  by Mo, Saijun et al.
Developmental Biology 344 (2010) 210–223
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyCaveolin-1 regulates dorsoventral patterning through direct interaction with
β-catenin in zebraﬁsh
Saijun Mo a,b,1,2, Lu Wang a,b,1, Qing Li a,b, Jie Li a,b, Yuanyuan Li a,b, Victor J. Thannickal c, Zongbin Cui a,b,⁎
a Key Laboratory of Biodiversity and Conservation of Aquatic Organism, Chinese Academy of Sciences, Wuhan, Hubei 430072, PR China
b Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, Hubei 430072, PR China
c Division of Pulmonary, Allergy, and Critical Care Medicine, University of Alabama, Birmingham, USA⁎ Corresponding author. Institute of Hydrobiology, Ch
7# South Donghu Rd., Wuhan, Hubei 430072, PR China
E-mail address: zbcui@ihb.ac.cn (Z. Cui).
1 These two authors contributed equally to this work
2 Dr. Mo is nowworking in the Department of Basic On
Zhengzhou 450001, PR China.
0012-1606/$ – see front matter © 2010 Published by E
doi:10.1016/j.ydbio.2010.04.033a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 11 February 2010
Revised 28 April 2010
Accepted 29 April 2010
Available online 7 May 2010
Keywords:
Caveolin-1
β-catenin
Dorsoventral patterning
Wnt signaling
ZebraﬁshCaveolin-1 (Cav-1) is the principal component of plasma membrane caveolae that negatively regulates a
number of cellular signaling events including canonical Wnt signaling. Activation of the Wnt/β-catenin
pathway is essential for dorsal organizer formation and speciﬁcation in early vertebrate embryos, but it
remains not well understood what controls dorsal activity of maternal β-catenin and how Cav-1 functions in
zebraﬁsh embryogenesis. Here, we report that Cav-1 is required for proper dorsoventral patterning in
zebraﬁsh. Both Wnt and BMP signals act coordinately to negatively control transcriptional expression of cav-
1 during embryonic development. Ectopic expression of Cav-1α or -1β resulted in formation of typical
ventralized embryos, whereas Cav-1 knockdown led to abnormal embryos with expanded expression of
dorsal genes. Cav-1 overexpression disrupts the nuclear translocation of β-catenin through the interaction of
its scaffolding domain with Cav-1 binding motif of β-catenin. This reciprocal interaction is necessary for the
ventralizing activity of Cav-1. We have further demonstrated that human Cav-1 proteins have conserved
ventralizing activity in zebraﬁsh embryogenesis. Thus, maternally expressed zebraﬁsh Cav-1 regulates
dorsoventral patterning by limiting nuclear translocation of active β-catenin.inese Academy of Sciences,
. Fax: +86 27 68780090.
.
cology, Zhengzhou University,
lsevier Inc.© 2010 Published by Elsevier Inc.Introduction
The vertebrate dorsoventral axis is established at early stages of
embryogenesis by actions of maternal and zygotic genes, cell–cell
interactions, cell movements, and spatiotemporally controlled ex-
pression of dorsoventral determinants. Among factors that determine
dorsal speciﬁcation, maternal β-catenin functions as a downstream
transcriptional effector of the canonical Wnt signaling pathway.
During early embryogenesis of zebraﬁsh and Xenopus, β-catenin was
found to speciﬁcally accumulate in nuclei of dorsal margin blasto-
meres and this asymmetric localization of β-catenin helps to establish
the dorsal organizer by transactivation of a number of zygotic genes
including bozozok (boz), chordin, squint (sqt), ﬁbroblast growth factor
(FGF) signals and antagonists of ventralizing bone morphogenetic
proteins (BMP) (Kelly et al., 2000; Schneider et al., 1996). Expression
of these β-catenin targets, in turn, induces dorsal fates by inhibiting
actions of ventralizing and posteriorizing signals such as BMPs and
Wnt8 (Schier and Talbot, 2005). It has been shown that asymmetricexpression of Wnt11 in early Xenopus embryos leads to the nuclear
accumulation of maternal β-catenin on the dorsal side (Tao et al.,
2005) and maternal β-catenin on the ventral side may be degraded in
a protein complex consisting of adenomatous polyposis coli (APC),
axin, diversin, casein kinase I, and glycogen synthase kinase-3β (GSK-
3β) (Funayama et al., 1995; Huelsken and Behrens, 2002; Kelly et al.,
2000); however, it remains unclear what controls dorsal nuclear
accumulation and activity of β-catenin in zebraﬁsh. In addition, a
growing body of evidence suggests that activity of zygotic Wnt/β-
catenin signaling differs from its maternal activity in dorsal patterning
(Erter et al., 2001; Lekven et al., 2001; Shimizu et al., 2005).
Caveolin-1 (Cav-1) was identiﬁed as an integral membrane protein
of caveolae and serves as a molecular marker of the plasma membrane
structure (Glenney and Soppet, 1992; Rothberg et al., 1992). Cav-1
isoforms are encoded by distinct mRNAs and contain a hydrophobic
stretch of amino acids, a scaffolding domain, and an acylated C-terminal
region, but only Cav-1α contains the N-terminal 31 amino acids (Kogo
and Fujimoto, 2000; Scherer et al., 1995). Cav-1proteins have important
roles in vesicular transport, cholesterol homeostasis and signal
transduction and biochemically interact with many signaling cascades
in multiple signaling pathways to regulate cellular proliferation,
differentiation and apoptosis in a cell-speciﬁc and contextual manner
(Cohen et al., 2004). Therefore, abnormal expression of Cav-1 is often
associated with tumor progression (Williams and Lisanti, 2005) and
many other disease-related phenotypes in the lung, vasculature, heart,
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2001; Fujimoto, 2000; Fujimoto et al., 2000; Hashimoto et al., 2003;
Kasper et al., 1998; Kim et al., 2006; Schwencke et al., 2006).
Surprisingly, Cav-1-null mice are viable and fertile (Razani et al.,
2001), but display some distinguishable phenotypes, including loss of
invaginated caveolae, vascular and skeletal muscle abnormalities,
thickened alveolar septa, dilated cardiomyopathy, reduction in life
span, leanness, and resistance to diet-induced obesity (Cohen et al.,
2003; Schubert et al., 2007). However, the detailed developmental
progression of the Cav-1-deﬁcient mouse embryos has yet to be
determined (Frank and Lisanti, 2006).
During zebraﬁsh embryogenesis, transcripts of Cav-1 are mainly
distributed in Kupffer's vesicle, tailbud, intersomite boundaries, heart,
branchial arches, pronephric ducts and perithelium (Fang et al., 2006;
Frank and Lisanti, 2006; Nixon et al., 2007). In contrast to Cav-1 null
mice, knockdown of Cav-1 expression leads to lethal zebraﬁsh embryos
that could result from major reduction of caveolae numbers on the
cellular membrane, abnormal anterior–posterior (AP) patterning,
severe disruption of actin cytoskeleton, defects in development of
somites, and neuromasts (Fang et al., 2006; Frank and Lisanti, 2006;
Nixon et al., 2007). Phenotypes caused by the absence of each zebraﬁsh
Cav-1 isoform could be rescued by the corresponding human counter-
part, suggesting that functions of Cav-1 proteins are highly conserved
throughout evolution (Fang et al., 2006; Frank and Lisanti, 2006; Nixon
et al., 2007). Despite the appreciation that zebraﬁsh appears to be an
idealmodel for dissecting functions of Cav-1 proteins during embryonic
development (Frank and Lisanti, 2006), the role of Cav-1 in controlling
early dorsoventral patterning in zebraﬁsh has not been elucidated.
In this study, we demonstrate that maternally expressed Cav-1α
and -1β in zebraﬁsh have redundant functions in proper speciﬁcation
of dorsoventral patterning. Ectopic expression of Cav-1α or -1β
results in formation of ventralized embryos, while Cav-1 knockdown
leads to abnormal embryos with characteristics of dorsalized
phenotypes. Thus, we suggest that maternally expressed β-catenin
mediates the ventralizing activity of Cav-1 through direct interaction
of its scaffolding domain with the Cav-1 binding motif of β-catenin,
which prevents nuclear translocation of active β-catenin.
Materials and methods
Zebraﬁsh care and maintenance
AB inbred strain of zebraﬁsh (Danio rerio) were reared in a
recirculating water system and maintained at standard conditions.
Naturally fertilized zebraﬁsh embryos were staged by hours post
fertilization (hpf) or by morphological features.
Generation of plasmid constructs
A PCR-based strategy for site-speciﬁc mutagenesis was used to
generate all constructs with corresponding mutations. The methionine
at position 32 in human Cav-1α or at position 34 in zebraﬁsh Cav-1α
was substituted by leucine (ATG to TTG) to avoid the expression of Cav-
1β, butnot affecting functionsofCav-1α (Fujimotoet al., 2000).Mutants
of zebraﬁsh Cav-1α and -1β that were generated by deletion or
substitution of corresponding amino acid(s) in their scaffolding domain
include Cav-1αΔGIVW, Cav-1α/F, Cav-1α/F+T, Cav-1α/F+V, Cav-
1βΔGIVW, Cav-1β/F, Cav-1β/F+T, and Cav-1β/F+V (Fig. 5D). Another
Cav-1α mutant Cav-1α/Y14F was generated by substitution of its
residue 14, a site of tyrosine phosphorylation. Zebraﬁsh β-catenin-1
mutant (β-cat-M) contains three amino acids substitution in the
putative Cav-1 binding site (Fig. 5G). Two constructs, Cav-1α/EGFP
and Cav-1β/EGFP, were made by N-terminal in-frame fusion of
corresponding Cav-1 morpholino (MO) target with enhanced green
ﬂuorescence protein (EGFP) to detect the knockdown efﬁciency.
Zebraﬁsh cav-1α, cav-1β and their mutants were also Flag-tagged attheir N-terminus, while β-catenin1 (β-cat) and its mutant were HA-
tagged at their N-terminus. These Flag or HA-tagged cDNAs were then
subcloned into the pRC/CMV2 vector from Invitrogen for overexpres-
sion in transfected cells. All mutants were conﬁrmed by sequencing.RNA whole-mount in situ hybridization
Spatiotemporal expression of cav-1α and -1β was determined by
the Whole-mount in situ hybridization (WISH). Digoxigenin-labeled
antisense and sense RNA probes for cav-1α and -1β were made by
subcloning their unique 5′-untranslated sequences into the pBlue-
script II ks(+) vector and then transcribed with T7 or T3 RNA
polymerases. Images were taken using the SteReo Lumar V12
microscope from Carl Zeiss.Capped mRNA and morpholino injections
Constructs for in vitro transcription of capped mRNA include
zebraﬁsh cav-1α and -1β, mutants of zebraﬁsh cav-1α and -1β, human
cav-1α and -1β, EGFP, zebraﬁsh β-catenin 1 cDNA and its mutant,
zebraﬁsh β-catenin 2 cDNA, frzb, bmp4, and a truncated BMP receptor
(Pyati et al., 2005). The construct for making insensitive Cav-1α
mRNA was generated by site-speciﬁc mutagenesis that introduced
four mismatched bases in Cav-1α MO target without alteration of
Cav-1α amino acid sequence. Capped mRNAs were synthesized using
the mMESSAGE mMACHINE Kit (Ambion, Austin, TX). Antisense
morpholino oligonucleotides against cav-1α and -1β were designed
and synthesized by Gene Tools, LLC (Eugene, OR). The control MO
used was a standard control and the p53 MO was a prepared control
oligo from this company to suppress apoptotic effects induced by
some MOs. Target sequences of these two MOs are 5′-
CCCGTCCTTGTATCCGCTAGTCATG-3′ for cav1α-MO and 5′-GCGAGT-
GAGCGTATTCCTGCGGTTC-3′ for cav1β-MO. Capped mRNA and MOs
were dissolved in 1× Danieau buffer (58 mM NaCl, 0.7 mM KCl,
0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5 mM HEPES, DEPC-treated water,
pH 7.6) and one-cell stage embryos were injected with 150 or 300 pg
of cappedmRNA/embryo or 5 or 10 ng MO/embryo, unless otherwise
stated.Quantitative real-time RT-PCR
Total RNA was extracted from shield-stage embryos with TRIZOL
reagent from Invitrogen. 5 μg of total RNAswas treatedwith RNase-free
DNase and reversely transcribed in the presence of random primers.
First-strand cDNAwasanalyzed in triplicateswithgene-speciﬁc primers
including Actin-FOR 5′-GATGATGAAATTGCCGCACTG-3′and Actin-REV
5′-ACCAACCATGACACCCTGATGT-3′ for β-actin, 18s-FOR 5′-
TCGCTAGTTGGCATCGTTTATG-3′ and 18s-REV 5′-CGGAGGTTCGAA-
GACGATCA-3′ for 18s ribosomal RNA, Cav-1α-FOR 5′-AAAACTCCCCA-
CAGAAAGCAAT-3′ and Cav-1α-REV 5′-CCGTGCCTGAAGTGCGAT-3′ for
zebraﬁsh Cav-1α, Cav-1β-FOR 5′-AACTTCATTTTCTGTTTTCTTTGGA-3′
and Cav-1β-REV 5′-CTGAAGTGTCTTTTCGTTGATGCT-3′ for zebraﬁsh
Cav-1β, otx2-FOR 5′-AGCCCAGCCTCTATCTCGC-3′ and otx2-REV
5′-CAAGTATGAGCCGCAGTCCA-3′ for zebraﬁsh otx2, tbx6-FOR
5′-TAGTGTCTGTGCGGCTCTGC-3′ and tbx6-REV5′-GGATTTTGGGTCTG-
CTGTTGT-3′ for zebraﬁsh tbx6,wnt8a-FOR5′-GGTGGTCGTGGTTGGGTTT-
3′ and wnt8a-REV 5′-TTACAGGTCCTTTTGAGCGTTG-3′ for zebraﬁsh
wnt8a, boz-FOR 5′-GAGACACCAGCAGGCAAACA-3′ and boz-REV 5′-
GGACAAGGAAAGTTCACCATCA-3′ for zebraﬁsh Bozozok/Dharma. Real-
time PCR was performed using an ABI prism 7000 sequence-detection
systemand theSYBRGreenPCRMasterMix fromTOYOBO. Fold-induction
of gene expression was calculated by taking the level of β-actin gene
expression as one. The relative gene expression was determined by the
2−△△CT method (Winer et al., 1999).
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ZF4 cells were grown in DMEM/F12 from GIBCO supplemented
with 10% fetal calf serum (FCS) 100 U/ml penicillin and 100 μg/ml
streptomycin, and incubated at 28 °C in 5% CO2 and 95% air. HeLa cells
were grown in DMEM from GIBCO supplemented with 10% FCS,
100 U/ml penicillin and 100 μg/ml streptomycin, and incubated at
37 °C in 5% CO2 and 95% air. Cells grown to 50–60% conﬂuence on
35 mm Petri dishes were transfected using the FuGENE HD transfec-
tion reagent from Roche according to manufacturer's instructions.
Optimal ratio of DNA (μg) to Transfection Reagent (μl) was
determined to be ∼1:3 for HeLa and ZF4 cells. After 24 h of trans-
fection, cells were split into groups of 35 mm dishes for further
treatments.Co-immunoprecipitation and western blotting
Cells were lysted in a buffer containing 1% Nonidet P-40, 0.5%
Sodium deoxycholate, 1% SDS, 10 mM Sodium orthovanadate, 2 mM
PMSF, 20 µg/ml Leupeptin, 2 µM Pepstatin A, and 20 µg/ml of
Aprotinin. Cell lysates were incubated on ice for 10 min and
centrifuged at 12,000 ×g for 10 min at 4 °C. The supernatant was
incubatedwith anti-HA or anti-Flag antibody at 4 °C for 1 h. Then 10 μl
of the Protein A/G PLUS-Agarose Immunoprecipitation Reagent from
Santa Cruz Biotechnology, Inc. was added into the supernatant and
incubated overnight at 4 °C. After centrifugation at 12,000 ×g for
another 10 min at 4 °C, precipitates were washed four times with 1×
PBS buffer and boiled in 1× loading buffer. Precipitated proteins were
separated on 10% polyacrylamide gels and electrotransferred on
Immobilon-P Trasfer Membranes from Millipore. The membranes
were blocked overnight at 4 °C with 5% (w/v) dried milk in 1× TBST
buffer, incubated with desired primary antibodies (anti-HA or anti-
Flag), and then probed with HRP-conjugated secondary antibody.
Immobilon western chemiluminescent HRP from Millipore was used
as substrate and signals were detected using Fujiﬁlm LAS-4000.Luciferase reporter assays
Luciferase reporter assays were performed using the Top-ﬂash
(Korinek et al., 1997), Bre (Korchynskyi and ten Dijke, 2002) and
(CAGA)12-Luc (Dennler et al., 1998; Kumar et al., 2001). Luciferase
activity in transfected cells or microinjected embryos was detected
using the Dual-Luciferase Assay System from Promega and the Sirius
Luminometer from Berthold Detection System.Immunoﬂuorescence staining
ZF4 cells were permeabilized in Triton buffer for 3 min at room,
blocked for 15 min in a buffer containing 1% BSA and 0.09% sodium
azide, and incubated with the primary antibodies (Mouse anti-HA or
anti-Flag) at room temperature for 1 h. Cells were then incubated
with the secondary antibody (Goat anti-mouse-FITC) for 1 h at room
temperature. After three times of washing with 1× PBS buffer, cells
were stained with DAPI from Roche and imaged under a ﬂuorescent
microscope from Nikon.Statistical analysis
Student's t test was performed using GraphPad Prism version 3.0
for Windows from GraphPad Software, San Diego. Statistical signif-
icance was deﬁned at pb0.05. Densitometric analyses of Western
blots were performed using the NIH Image program available on the
internet at rsb.info.nih.gov/nih-image.Results
Transcriptional regulation of zebraﬁsh cav-1 expression in early embryos
Previous studies have shown that zebraﬁsh cav-1α and -1β are
maternally expressed and their transcripts are mainly distributed in
Kupffer's vesicle, tailbud, intersomite boundaries, heart, branchial
arches, pronephric ducts, perithelium, lateral line, neuromasts and
notochord during embryogenesis (Fang et al., 2006; Frank and Lisanti,
2006; Nixon et al., 2007), but it remains unclear how transcriptional
expression of zebraﬁsh cav-1 is controlled by signaling pathways
known to be involved in early embryonic development. Thus, we ﬁrst
examined expression of cav-1 in early embryos injected with in vitro
synthesized mRNAs for signaling molecules that function in BMP,
Wnt, Nodal or FGF pathways. Transcriptional expression of cav-1α
and -1β during zebraﬁsh embryogenesis was detected by WISH and
real-time PCR. As shown in Fig. 1A, expression of cav-1 at shield stage
was mainly induced in the dorsal region by overexpression of a Wnt
inhibitor Frzb or in the ventral region by overexpression of a truncated
Bmp receptor (bmpR), while it was inhibited by expression of a
constitutively active β-catenin or Bmp4; moreover, expression of cav-
1was not signiﬁcantly altered in embryos injected with equal amount
mRNAs of constitutively active β-catenin and truncated Bmp receptor,
or with equal amount mRNAs of Frzb and Bmp4. However, inhibition
of FGF signaling by injection of zebraﬁsh sef mRNA or activation of
Nodal signaling by injection of mRNA for zebraﬁsh Nodal-related
factor, Cyclops, showed no signiﬁcant effects on cav-1 transcriptional
expression (data not shown). Similar results were obtained by
detection of pooled embryos with real-time PCR (Fig. 1B). Therefore,
these data suggest that both Wnt and BMP signals act coordinately to
negatively control transcriptional expression of cav-1 after mid-
blastula transition (MBT).
Cav-1α and -1β are involved in zebraﬁsh dorsoventral patterning
To further investigate functions of Cav-1 in early embryogenesis,
we ﬁrst injected zebraﬁsh embryos with synthetic cav-1α or -1β
mRNAs. Injection with 300 pg capped mRNA for cav-1α or -1β
induced formation of ventralized embryos with loss of anterior
structure, shrunken dorsal, expanded somites and enlarged blood
islands (Fig. 2A); ventralized embryos were observed in 20.4 and
22.5% of total embryos examined, respectively (Fig. 2B). Percentage of
ventralized embryos increased in a dose-dependent manner and an
average of 39 to 45% embryos were ventralized by injection of 600 pg
Cav-1 mRNA/embryo (Fig. S1A). Expression of dorsal genes, chordin
and gsc, was inhibited, while ventral genes, bmp2b and evel, were
increased at shield stage; additionally, expression of the hematopoi-
etic marker gene, gata1, was induced at 24 hpf in the posterior region
of embryos injected with either cav-1α or -1β mRNA (Fig. 2G). These
ﬁndings indicate that ectopic expression of Cav-1α and -1β are able to
redundantly ventralize zebraﬁsh embryos.
Next, cav-1α-MO and -1β-MO were injected into one-cell stage
embryos to block the endogenous cav-1 expression. Constructs of Cav-
1α/EGFP and Cav-1β/EGFP produce an in-frame transcript of EGFP
that contains either cav-1α-MO or -1β-MO target at its N-terminus;
knockdown efﬁciency was tested by co-injection of cav-1α-MO with
Cav-1α/EGFP plasmid or co-injection of cav-1β-MO with Cav-1β/
EGFP plasmid. EGFP was expressed in N90% of embryos after co-
injection of 10 ng control MO with 200 pg Cav-1α/EGFP or 200 pg
Cav-1β/EGFP, while EGFP was weakly expressed in b10% of embryos
when control MO was substituted by equal amount of cav-1α-MO or -
1β-MO (Figs. S2A and B). These data indicate that cav-1α-MO and -1β-
MO can be used to efﬁciently inhibit cav-1 expression.
We further tested effects of MO-mediated depletion of endoge-
nous cav-1α and -1β on zebraﬁsh embryogenesis. Injection of 10 ng
cav-1α-MO or 10 ng cav-1β-MO led to weakly dorsalized embryos
Fig. 1. Transcriptional regulation of zebraﬁsh cav-1 expression. Transcriptional expression of cav-1α and -1βwas detected with whole-mount in situ hybridization (A) and real-time
RT-PCR (B). Embryos at one-cell stage were injectedwith 300 pg frzbmRNA, 300 pg β-catenin 1 (β-cat) mRNA, 300 pg truncated bmpRmRNA, 300 pg bmp4mRNA, 150 pg frzbmRNA
plus 150 pg bmp4 mRNA, or 150 pg β-catmRNA plus 150 pg truncated bmpRmRNA. Wild-type (WT) embryos were used as the control. Embryos at shield stage are shown in lateral
views with the animal pole toward the top and the dorsal toward the right. Embryos injected with frzbmRNA and truncated bmpRmRNAwere also oriented for an animal pole view
with the dorsal toward the right. Real-time RT-PCR data represent mean±S.D. from three independent experiments. *indicates pb0.05 vs. wt and * *indicates pb0.01 vs. wt.
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to tight attachment of the tailbud around the yolk in control embryos
at 12 hpf (Figs. 2C and D). We noticed that injection of 10 ng Cav-1
MOs led to necrosis in the head of embryos at 24 hpf (data not
shown), indicating that Cav-1 MOs used in the study have some
toxicity to developing embryos; however, the toxic effects of Cav-1
MOs on head structure were suppressed by co-injection of 1 ng p53
MO/embryo. Thus, Cav-1 MOs were co-injected with p53 MO in the
following assays to rule out the possibility that knockdown phenotype
is an artifact of MO toxicity. At later stages, knockdown of cav-1α or -
1β generated abnormal embryos in a dose-dependent manner (Fig.
S1B), with curved bodies, deformed notochord and somites, and
shortened tails (Fig. 2E); abnormal embryos were observed in 68.2
and 64.5% of total embryos injected with 1 ng of p53 MO plus 10 ng
MO for cav-1α or -1β, respectively (Fig. 2F). Increased expression of
dorsal genes and decreased expression of ventral genes were clearly
seen in cav-1MO-injected embryos, which are opposite to those seen
in cav-1 mRNA-injected embryos (Fig. 2G). Total number of embryos
examined and ratios of embryos with altered expression patterns of
marker genes after injection of cav-1 mRNA and cav-1-MO are
summarized in Figs. 2H and I. In addition, we found that altered
expression patterns of dorsoventral genes inmost of embryos injected
with 5 ng of cav-1α-MO were restored to normal by co-injection of
300 ng capped mRNA for cav-1α or -1β, and that expression of
dorsoventral marker genes in most of cav-1β knockdown embryos
was rescued to normal by co-injection of 300 ng capped mRNA for
cav-1α or -1β (Fig. 3A). Total number of embryos examined and ratios
of embryos with rescued phenotypes after co-injection of cav-1mRNA
with cav-1 MO are summarized in Fig. 3B.
Taken together, these results indicate that embryonic phenotypes
causedbyCav-1knockdowncanbe rescuedby its corresponding capped
mRNAs and that two isoforms of zebraﬁsh Cav-1 have redundant
functions in regulation of zebraﬁsh dorsoventral patterning.
Cav-1 proteins speciﬁcally inhibit canonical Wnt signaling in zebraﬁsh
Dorsoventral axis formation is controlled by activities ofmultiple
signaling pathways, including canonical Wnt, BMP, Nodal and FGF(De Robertis and Kuroda, 2004; Schier and Talbot, 2005; Varga et al.,
2007). To addressmolecularmechanism(s) bywhich Cav-1 proteins
modulate dorsoventral patterning in zebraﬁsh, we ﬁrst performed
WISH assays to determine effects of Cav-1 overexpression or
knockdown on expression of genes that are regulated by FGF,
Nodal, BMP and/or Wnt signaling pathways. Sef and spry4 are
known to be transcriptionally activated by FGF application and
participate in a negative feedback loop to attenuate FGF signaling
(Furthauer et al., 2002; Furthauer et al., 2001). Overexpression of
the nodal-related genes cyclops and squint leads to the induction of
ﬂoating head (ﬂh) in developing zebraﬁsh embryos (Gritsman et al.,
2000). Nodal signaling directly induces xbp1 transcription (Bennett
et al., 2007). The expression of ved and vent was negatively
regulated by the direct target boz of maternal Wnt signaling and
dependent on BMP signaling at the mid-to-late gastrula stage
(Kawahara et al., 2000; Melby et al., 2000; Ramel et al., 2005).
Injection ofβ-catenin RNA activates expression of squint (Kelly et al.,
2000). dkk1 is a target gene of the pre-MBTWnt signaling and is able
to inhibit the post-MBT Wnt signaling in the putative head
patterning tissue (Shinya et al., 2000). Bozozok (boz) is a direct
target of thematernal β-catenin signal (Leung et al., 2003; Ryu et al.,
2001). Expression of the anterior neuroectodermal marker otx2 was
enhanced by overexpression of a constitutive active β-catenin
(Xiong et al., 2006). Wnt8a activates the zygotic Wnt signaling
(Erter et al., 2001) and tbx6 is activated by both Wnt and Bmp
signaling (Szeto and Kimelman, 2004). We found that expression of
sef, spry4, xbp1, ﬂh, ved and vent was minimally, if at all, affected by
ectopic expression and knockdown of cav-1α or -1β in early
developing embryos (Fig. 4A). However, expression of squint,
dkk1, boz and otx2 was signiﬁcantly inhibited in N60% of embryos
injected with 300 pg of cappedmRNA for cav-1α or -1β (Figs. 4A and
B), and enhanced in N75% of embryos injected with 10 ng of cav-1α-
MO or -1β-MO (Figs. 4A and C). In addition, expression of two genes
wnt8a and tbx6 that are associated with activity of zygotic Wnt
signaling were not signiﬁcantly affected by Cav-1 overexpression or
knockdown (Fig. 4A). These ﬁndings indicate that Nodal, FGF, and
BMP signaling pathways may not be appreciably regulated by Cav-1
proteins during early development of zebraﬁsh and that the
Fig. 2. Effects of cav-1 overexpression and knockdown on zebraﬁsh dorsoventral patterning. (A) Overexpression of cav-1 ventralizes zebraﬁsh embryos. Embryos at one-cell stage
were injected with 300 pg cav-1α or -1β mRNA. Wild-type (WT) embryos was used as the control. Total ventralized embryos (T) were divided into three groups: mild (M),
intermediate (I) and severe (S). (B) Percentage of ventralized embryos for each group in (A). Data represent mean±S.D. from three independent experiments. (C) Knockdown of
cav-1 led to weakly dorsalized embryos with early tailbud protrusion at 12 hpf. Embryos at one-cell stage were injected with 10 ng cav-1α-MO, 10 ng cav-1β-MO, or 5 ng cav-1α-MO
plus 5 ng cav -1β-MO. (D) Percentage of abnormal embryos at 12 hpf for each group in (C). (E) Knockdown of cav-1 led to abnormal embryos at 24 hpf. Embryos at one-cell stage
were injected with 1 ng p53 MO plus 10 ng cav-1α-MO or -1β-MO. Total number of abnormal embryos (T) at 24 hpf was divided into three groups: mild (M), intermediate (I) and
severe (S). (F) Percentage of abnormal embryos at 24 hpf for each group in (E). Data represent mean±S.D. from three independent experiments. (G) Effects of cav-1 overexpression
and knockdown on expression patterns of dorsoventral marker genes (indicated on the top). Developmental stages are shown at the bottom. Lateral views of embryos at shield stage
with the dorsal toward the right for bmp2b. Animal pole views of embryos at shield stage with the dorsal toward the right for chordin, eve1 and gsc at 30% epiboly stage. Dorsal views
of embryos at shield stage with the animal pole toward the top for gsc at shield stage. Lateral views of embryos at 24 hpf with the anterior to the left for gata1. Arrows point to the
margins of expressed eve1. (H–I) Total number of embryos examined (indicated at the bottom) and percentage of embryos with decreased or increased expression of dorsoventral
marker genes in (G).
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maternal Wnt signaling.
To further substantiate these observations, Top-ﬂash, Bre and
(CAGA)12-Luc reporters were used to detect effects of Cav-1 proteins
on activation of Wnt, BMP and Nodal/TGF-β signaling pathways,
respectively. Capped mRNA of cav-1α or -1βwas co-injected with one
of these reporters into one-cell stage embryos. Luciferase assays were
performed with embryonic lysates at 6, 12 or 24 hpf. Injection of300 pg capped cav-1α mRNA or -1β mRNA signiﬁcantly inhibited
activity of Top-ﬂash reporter at 6 hpf (Fig. 4D; pb0.05 in both cases);
in contrast, injection of cav-1α-MO or -1β-MO signiﬁcantly enhanced
activity of Top-ﬂash reporter at 6 hpf (Fig. 4D; pb0.05 in both cases).
Similar results were obtained in developing embryos at 12 and 24 hpf
(data not shown). The inhibitory effect of Cav-1 on Top-ﬂash reporter
was also obtained in transfected ZF4 cells overexpressing Cav-1α
or -1β (Fig.5C); However, overexpression of Cav-1α or -1β in ZF4 cells
Fig. 3. Abnormal phenotypes of Cav-1 knockdown embryos can be rescued by its
cappedmRNAs. (A) Abnormal expression patterns of dorsoventral marker genes caused
by injection of Cav-1-MO can be rescued by its corresponding or another isoform
mRNAs. Developmental stages are shown at the bottom. Animal pole views of embryos
at shield stage with the dorsal toward the right for chordin and eve1 and arrows point to
the margins of expressed eve1. Lateral views of embryos at shield stage with the dorsal
toward the right for bmp2b. Dorsal views of embryos at shield stage with the animal
pole toward the top for gsc. Lateral views of embryos at 24 hpf with the anterior to the
left for gata1. (B) Percentage of normal embryos injected with 5 ng cav-1α-MO, 5 ng
cav-1α-MO plus 300 pg cav-1αmRNA, 5 ng cav-1α-MO plus 300 pg cav -1βmRNA, 5 ng
cav-1β-MO, 5 ng cav-1β-MO plus 300 pg cav-1β mRNA, 5 ng cav-1β-MO plus 300 pg
cav -1α mRNA. Data represent mean±S.D. from three independent experiments.
*indicates pb0.05 vs. cav-1α-MO or cav-1β-MO.
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reporters (Figs. S3A and B; pN0.05 in all cases). In addition, activities
of Bre and (CAGA) 12-Luc reporters were not signiﬁcantly affected by
knockdown of Cav-1α or -1β in developing embryos at 6 and 12 hpf
(Figs. S3C and D; pN0.05 in all cases), while Cav-1 knockdown with
MO-injection stimulated their activities at 24 hpf (Figs. S3C and D;
pb0.05 in all cases). Thus, zebraﬁsh Cav-1 proteins are able to inhibit
activity of canonical Wnt signaling in vitro and in vivo and the
inhibitory effects of Cav-1 on BMP and Nodal/TGF-β signaling
pathways appear to occur at later stages of zebraﬁsh development.Biochemical analysis of Cav-1 and β-catenin interaction
Mammalian Cav-1 proteins are able to interact with a large
number of signalingmolecules to negatively regulate multiple cellular
signaling pathways and its scaffolding domain (CSD) is necessary for
binding to signaling molecules and membrane (Couet et al., 1997a,b;
Li et al., 1996; Nystrom et al., 1999; Razani et al., 2002; Schlegel and
Lisanti, 2000). The CSD domain can recognize several aromatic aminoacids in the caveolin-binding motif of other molecules that contain
several consensus CSD sequences such as ΦxxxxΦxΦ, ΦxΦxxxxΦ,
ΦxxxxΦxxΦ and ΦxΦxxxxΦxxΦ, where Φ is F, Y or W and x is any
amino acid (Couet et al., 1997a; Razani et al., 2000). In addition, the
internal armadillo repeat region of β-catenin is both necessary and
sufﬁcient to induce axis duplication (Funayama et al., 1995).
Moreover, Cav-1 expression is sufﬁcient to recruit β-catenin to
caveolae membranes and thereby block β-catenin-mediated transac-
tivation of Wnt/β-catenin/Lef-1 signaling in NIH 3T3 cells (Galbiati et
al., 2000). These previous ﬁndings suggest that ventralizing activity of
Cav-1 proteins may be mediated by its interaction with the caveolin-
binding motif of β-catenin during zebraﬁsh embryogenesis. To test
this hypothesis, we ﬁrst predicted the location of Cav-1 binding motif
in zebraﬁsh β-catenin 1 by using the Scanprosite Program (www.
expasy.org) (Fig. 5A) and a mutant of zebraﬁsh β-catenin 1 (β-cat-M)
was generated by substitution of residues 330, 332 and 337 in its
putative Cav-1 binding motif (Fig. 5G).
The physical interaction of zebraﬁsh Cav-1 with β-catenin 1 was
ﬁrst examined by immunoprecipitation assay and Western blotting.
We found that overexpressed Flag-Cav-1 and HA-β-cat in ZF4 cells
reciprocally coimmunoprecipitated with each other (Fig. 5B), sug-
gesting that β-catenin 1 is a binding partner of Cav-1 in zebraﬁsh. To
address whether the Cav-1 and β-catenin interaction affects activity
of canonical Wnt signaling, we performed luciferase assays with the
Top-ﬂash reporter. In transfected ZF4 cells, overexpression of β-
catenin signiﬁcantly induced the luciferase activity, but this induction
was inhibited by co-expression of Cav-1α in a dose-dependent
manner (Fig. 5C) or Cav-1β (data not shown). Western blotting
analysis indicates that β-cat and Cav-1 are properly expressed in all
transfected cells (Figs. 5C, F and I). Similar results were obtained by
co-injection of the Top-ﬂash reporter with capped mRNAs for
zebraﬁsh β-catenin or/and Cav-1 into zebraﬁsh embryos (data not
shown). These data indicate that the interaction of Cav-1 with β-
catenin negatively regulates activity of canonical Wnt signaling both
in vitro and in vivo.
To further elucidate molecular mechanisms underlying the inter-
action between zebraﬁsh Cav-1 andβ-catenin, we generated four Flag-
Cav-1mutants by deletion or substitution of residues in its CSDdomain
(Fig. 5D). We then performed reciprocal immunoprecipitation assays
anddemonstrated that deletion of residues 85–88 (Cav-1αΔDGVW) or
substitution of residue 95 (Cav-1α/F) in zebraﬁsh Cav-1 had minimal
effect on binding ability of Cav-1 to β-catenin in transfected ZF4 cells,
whereas substitutions of residues 95 and97 (Cav-1α/F+V) or residues
95 and 98 (Cav-1α/F+T)markedly reduced the binding ability of Cav-
1 to β-catenin (Fig. 5E). Moreover, overexpression of Cav-1α/F+V or
Cav-1α/F+T in transfected ZF4 cells abrogated most of the inhibitory
effect of Cav-1 on canonical Wnt signaling as shown by luciferase
assays with the Top-ﬂash reporter (Fig. 5F) and similar results were
obtained in zebraﬁsh embryos (data not shown). These ﬁndings
suggest that residues 95–98 in CSD domain of Cav-1 are necessary for
its binding to β-catenin 1 and for regulation of Wnt/β-catenin
signaling activity.
We further found that substitution of residues 330, 332 and 337 in
zebraﬁsh β-catenin 1 completely abolished its interaction with Cav-1
as shown by immunoprecipitation assays and Western blotting
(Fig. 5H). Overexpression of β-catenin in transfected ZF4 cells induced
the luciferase activity of Top-ﬂash reporter, which is consistent with
those demonstrated in NIH 3T3 cells (Galbiati et al., 2000). This
inductive activity of β-catenin was markedly inhibited by co-
expression of Cav-1, whereas substitution of residues 330, 332 and
337 in β-catenin-1 (β-cat-M) abrogated this inhibitory effect of Cav-1
on β-catenin-induced luciferase activity (Fig. 5I). Similar results were
obtained by co-injection of Top-ﬂash reporter with cappedmRNAs for
zebraﬁsh β-catenin or/and Cav-1 proteins into zebraﬁsh embryos
(data not shown). These data demonstrate, for the ﬁrst time, that
residues 330 to 337 in the armadillo repeats of zebraﬁsh β-catenin 1
Fig. 4. Cav-1 regulates zebraﬁsh dorsoventral patterning via maternal Wnt signaling. (A) Expression patterns of reporter genes (indicated on the top) for FGF, Nodal, BMP and Wnt
signalings in wild-type (WT) or embryos injected with 300 pg cav-1αmRNA, 300 pg cav-1βmRNA, 10 ng cav-1α-MO or 10 ng cav-1β-MO. Developmental stages are shown at the
bottom. Lateral views of embryos at 12 hpf with anterior toward the top for sef. Dorsal views of embryos at shield stage with animal pole toward the top for spry4 and boz. Animal
pole views of embryos at shield stage with the dorsal toward the right for xbp1, ﬂh and dkk1. Animal pole views of embryos at 30% epiboly stage with the dorsal toward the right for
squint (sqt). Animal pole views of embryos at 70% epiboly stage with the dorsal toward the right for ved and vent. Arrows point to the margins of expressed ved and vent.
Dorsoanterior views of embryos at 12 hpf with the anterior toward the top for otx2. Vegetal views of embryos at 80% epiboly stage with dorsal toward the right for wnt8a. Dorsal
views of embryos at 12 hpf with the anterior toward the top for tbx6. (B) Total number of embryos examined (indicated at the bottom) and percentage of embryos with decreased
expression of genes sqt, dkk1, boz and otx2 in (A) after injection of cav-1mRNA. (C) Total number of embryos examined (indicated at the bottom) and percentage of embryos with
increased expression of genes sqt, dkk1, boz and otx2 in (A) after injection of cav-1-MOs. (D) Luciferase activity of Top-ﬂash reporter for Wnt signaling was inhibited by injection of
300 pg cav-1α or -1β mRNA, but enhanced by injection of 10 ng cav-1α-MO or 10 ng cav-1β-MO. Injection of 50 pg mRNA for constitutively active β-catenin-1 (β-cat mRNA)
stimulated activity of Top-ﬂash reporter and was used as the positive control. Data for luciferase assays represent mean±S.D. from three independent experiments. *indicates
pb0.05 and **indicates pb0.01 vs. Top-ﬂash-injected embryos.
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Wnt signaling activity by Cav-1 proteins, both in vitro and in vivo.
Binding to Cav-1 disrupts nuclear translocation of β-catenin
To investigate whether binding of β-catenin to Cav-1 affects its
cellular distribution and/or degradation, we performed immunoﬂuo-
rescence staining assays after co-transfection of a plasmid expressingCav-1 or Cav-1/F+Vwith another plasmid expressing HA-β-cat or HA-
β-cat-M into ZF4 cells. Anti-HA-FITC was used as the secondary
antibody to monitor cellular distribution of β-catenin. We found that
activation of Wnt signaling by 20 mM LiCl, a well-known GSK-3
inhibitor, led to the nuclear accumulation of β-catenin in cells
overexpressing HA-β-cat, HA-β-cat-M, HA-β-cat-M plus Cav-1, or HA-
β-cat plus Cav-1/F+V.However, the LiCl-induced nuclear accumulation
ofβ-cateninwasmarkedlyblocked in ZF4 cells overexpressingHA-β-cat
Fig. 5. Biochemical analysis of the Cav-1 and β-catenin interaction. The following assays were performed in ZF4 cells. Immunoprecipitation assays (IP) andWestern blots (WB) were
performed to detect interaction between Flag-Cav-1 (or its Flag-mutants) and HA-β-cat (or HA-β-cat-M). Data for luciferase activity assays represent mean±S.D. from three
independent experiments. **indicates pb0.01 vs. cells transfected with Top-ﬂash plus β-cat. TCL indicates total cell lysates. (A) Critical amino acid residues in Cav-1 scaffolding
domain and in putative Cav-1 binding motif of β-catenin were highlighted in red. (B) Reciprocal interaction between Flag-Cav-1 and HA-β-cat. (C) Luciferase activity of Top-ﬂash
reporter was inhibited in a dose-dependent manner by co-transfection of 50 ng β-cat plasmid DNA and 100 ng Top-ﬂash reporter DNAwith Cav-1α plasmid DNA at 25 ng (+), 50 ng
(++) and 75 ng (+++).WB analysis showed the proper expression of β-cat and the Cav-1 expression in a dose-dependent manner. (D) Amino acid residues deleted or substituted
in Cav-1 scaffolding domain were underlined. (E) Mutations in Cav-1 affect reciprocal interaction between Flag-Cav-1 and HA-β-cat. (F) Activation of Top-ﬂash reporter by
transfection of 50 ng β-cat plasmid DNAwas inhibited by co-transfection of 75 ng plasmid DNA for Cav-1α , Cav-1αΔDGVW or Cav-1α/F, but not by co-transfection of 75 ng plasmid
DNA for Cav-1α/F+V or Cav-1α/F+T. WB analysis showed the proper expression of β-cat and Cav-1. (G) Amino acid residues substituted in putative Cav-1 binding motif of β-
catenin were underlined. (H) Substitution of three amino acid residues in putative Cav-1 binding motif of β-catenin disrupted the interaction between HA-β-cat and Flag-Cav-1.
(I) Activation of Top-ﬂash reporter by transfection of 50 ng β-cat-M plasmid DNAwas not inhibited by co-transfection of 75 ng Cav-1α plasmid DNA.WB analysis showed the proper
expression of β-cat and Cav-1.
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prevent active β-catenin from entering the nucleus.
Next, we detected effect of Cav-1 on the stability of overexpressed
β-catenin 1 by Western blotting in transfected ZF4 cells. We found
that the ratio of HA vs β-actin in cells overexpressing HA-β-cat, HA-β-
cat plus Cav-1, HA-β-cat-M, or HA-β-cat-M plus Cav-1 showed no
signiﬁcant difference (Fig. 6B), suggesting that Cav-1 has little effect
on the degradation of overexpressed β-catenin.
Interaction of Cav-1 and β-catenin regulates zebraﬁsh dorsoventral
patterning
We next addressed whether the Cav-1 and β-catenin interaction is
required for regulation of zebraﬁsh dorsoventral patterning. Capped
mRNA for β-catenin 1 and its mutant, β-catenin 2, Cav-1α and its
mutants, and Cav-1α/Y14F were synthesized by in vitro transcription
and microinjected into one-cell stage embryos. Injection of 300 pg
mRNAs for Cav-1α, Cav-1αΔDGVW or Cav-1α/Y14F ventralized 23 to
27% of total embryos, while injection of 300 pg mRNA for Cav-1α/F,
Cav-1α/F+V or Cav-1α/F+T only caused 1 to 5% of embryonic
ventralization (Fig. 7A). Expression of ventral marker genes eve1,
bmp2b and gata1 increased, while expression of dorsal genes chordin,
gsc, boz and otx2decreased in ventralized embryos injectedwith 300 pg
mRNA for Cav-1αΔDGVW or Cav-1α/Y14F (Fig. 7B). However,expression patterns of these dorsoventral marker genes in embryos
injected with 300 pg mRNA for Cav-1α/F, Cav-1α/F+V or Cav-1α/F
+T were similar to those in wild-type embryos (Fig. 7B). The total
number of embryos detected and ratios of embryos with shown
expression patterns are summarized in Fig. 7C. These ﬁndings indicate
that residues 95–98 in CSD domain of Cav-1, but not the phosphory-
lation residue 14 of Cav-1α, are functionally involved in regulation of
zebraﬁsh dorsoventral patterning.
We have further investigated whether the Cav-1 bindingmotif of b-
catenin is required for its ability to alter dorsoventral patterning.
Injection of 150 pgmRNA for β-catenin 1 (β-cat in Fig. 7D) or β-catenin
2 (data not shown) led tomost of embryos dorsalized with phenotypes
as described before (Kelly et al., 2000). Putative Cav-1 bindingmotifs in
β-catenin1 and β-catenin2 contain the same amino acid sequence,
suggesting that Cav-1 regulates their activities through the same
binding mechanism. Mutation in the Cav-1 binding motif of β-catenin
1 (β-cat-M) has little effect on its dorsalizing activity; co-injection of
150 pg mRNA for Cav-1α attenuated the dorsalizing activity of β-
catenin 1 (cav-1+β-cat; Fig. 7D) or β-catenin 2 (data not shown), but
not that of β-cat-M in zebraﬁsh (cav-1+β-cat-M; Fig. 7D). Injection of
150 pg mRNA for β-cat or β-cat-M inhibited expression of ventral
marker genes eve1, bmp2b and gata1, while expression of dorsalmarker
genes chordin, gsc, boz and otx2, were increased (Fig. 7E). Co-expression
of Cav-1α recovered, at least in part, expression patterns of dorsal and
Fig. 6.Overexpression of Cav-1 blocks the nuclear translocation of active β-catenin. (A) ZF4 cells on 35 mmdishes were transfected with 600 ng of each plasmid expressing HA-β-cat
plus pRC/CMV2, HA-β-cat plus Cav-1, HA-β-cat-M plus pRC/CMV2, HA-β-cat-M plus Cav-1, or HA-β-cat plus Cav-1/F+T. Transfected cells were then treated with 20 mM LiCl for
24 h. Cellular distribution of HA-β-cat or HA-β-cat-M was shown by location of FITC signal. Nuclei were stained with DAPI. (B) Effects of Cav-1 on degradation of β-catenin were
detected byWestern immunoblotting. ZF4 cells on 35 mmdishes were transfected with 600 ng of each plasmid expressing HA-β-cat plus pRC/CMV2, HA-β-cat plus Cav-1, HA-β-cat-
M plus pRC/CMV2, or HA-β-cat-M plus Cav-1. Expression of β-actin was used as loading control.
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embryos overexpressing β-cat-M (Fig. 7E). Total number of embryos
detected and ratios of normal embryos are summarized in Fig. 7F. These
data indicate that mutations in residues 330 to 337 in the armadillo
repeats of zebraﬁshβ-catenin 1 has no effects on its dorsalizing activity;
however, these residues are necessary for mediating the ventralizing
activity of Cav-1.
Ventralizing activity of Cav-1 is mediated by inhibition of Boz activity in
zebraﬁsh
It is known that boz is a direct target of maternal β-catenin in the
dorsal organizer (Fekany et al., 1999) and ectopic expression of boz led
to dorsalized embryos (Yamanaka et al., 1998). The dorsalizing activity
of Boz appears to act through its inhibition of ventral genes such asFig. 7. Genetic interaction between Cav-1 and β-catenin in zebraﬁsh embryos. (A) Percen
mutants at one-cell stage. (B) Expression patterns of dorsoventral genes in embryos injected
stages are shown at the bottom. Animal pole views of embryos at shield stage with the dors
Dorsal views of embryos at shield stage with the animal pole toward the top for gsc and bo
Dorsoposterior views of embryos at 12 hpf with the posterior toward the top for otx2. Lateral
(B). Total numbers of embryos detected are indicated at the bottom. (D) Percentage of dorsa
β-cat mRNA plus 150 pg cav-1 mRNA, 150 pg β-cat-M mRNA plus 150 pg GFP mRNA, or 15
genes in embryos from (D). (F) Percentage of normal embryos in (E) that were rescued by i
was indicated at the bottom.bmp2b and bmp4 in the organizer (Leung et al., 2003) and stimulation of
dorsal genes such as gsc and chordin (Shimizu et al., 2000). In the study,
we demonstrated that overexpression of Cav-1 inhibited expression of
boz, gsc and chordin, but stimulated expression of bmp2b (Fig. 2G) and
bmp4 (data not shown). These observations suggest that ventralizing
activity of Cav-1 may be due to reduced Boz activity that results from
reducedmaternal Wnt signaling. To test this hypothesis, capped mRNA
injection assays were performed to determine whether overexpression
of Cav-1 is able to attenuate embryonic dorsalization caused by ectopic
expression of boz. We found that injection of 5 pg boz mRNA/embryo
into one-cell stage embryos caused various degree of dorsalization in
about 53% of total embryos (Figs. 8A and B), while co-injected 250 pg/
embryo of cav-1α or -1β mRNA with 5 pg/embryo of boz mRNA
decreased the ratio of dorsalization to about 28 to 33% of total embryos
mainly by effects on themild class (Fig. 8B). This decreased ratiomay betage of ventralized embryos after injection of 300 pg capped mRNA for Cav-1α or its
with 300 pg capped mRNA for Cav-1α or its mutants at one-cell stage. Developmental
al toward the right for chordin and eve1. Arrows point to the margins of expressed eve1.
z. Lateral views of embryos at shield stage with the dorsal toward the right for bmp2b.
views of embryos at 24 hpf with the anterior to the left for gata1. (C) Statistical data for
lized embryos caused by injection of 150 pg β-catmRNA plus 150 pg GFP mRNA, 150 pg
0 pg β-cat-M mRNA plus 150 pg cav-1 mRNA. (E) Expression patterns of dorsoventral
njection of 150 pg mRNA for cav-1α or its mutants. Total number of embryos examined
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Fig. 8. Ventralizing activity of Cav-1 is mediated by inhibition of Boz activity. (A) Overexpression of boz dorsalizes zebraﬁsh embryos. Embryos at one-cell stage were injected with
5 pg bozmRNA. Wild-type embryos were used as the control (N). Dorsalized embryos were divided into three groups: mild (M), intermediate (I) and severe (S). (B) Percentage of
normal embryos for each group. Embryos at one-cell stage were injected with 5 pg bozmRNA, 5 pg bozmRNA plus 150 pg mRNA for cav-1α, or 5 pg bozmRNA plus 150 pg mRNA for
cav-1β. Data represent mean±S.D. from three independent experiments. (C) A proposed model for regulation of dorsoventral patterning by Cav-1. Cav-1 inhibits activity of
maternal β-catenin by limiting its nuclear translocation. Activation of Wnt/β-catenin signaling in the dorsal organizer promotes boz expression that inhibits expression of ventral
genes, including bmp2b and bmp4, while stimulating expression of dorsal genes such as gsc and chordin. Thus, the ventralizing activity of Cav-1 is mediated by its ability to induce
ventral genes and inhibit dorsal genes.
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expressed Cav-1, since Cav-1 is able to inhibit boz expression in the
organizer (Fig. 4A). Based on these ﬁndings, we proposed a working
model for effects of Cav-1 on dorsoventral patterning (Fig. 8C). In this
model, Cav-1 inhibits activity of maternal β-catenin 1 or β-catenin 2 by
limiting its nuclear translocation; activation ofWnt/β-catenin signaling
in the dorsal organizer promotes boz expression that inhibits expression
of ventral genes, including bmp2b and bmp4, while stimulating
expressionof dorsal genes suchas gsc and chordin. Thus, the ventralizing
activity of Cav-1 is mediated by its ability to induce ventral genes and
inhibit dorsal genes through regulating activities of β-catenin and Boz.
Cav-1 proteins from different species have conserved functions in
zebraﬁsh dorsoventral patterning
Amino acid sequences of zebraﬁsh Cav-1α and -1β have only 64.6%
and 81.2% homology with those of human, respectively. However, the
putative amino acid sequence for signaling molecule binding in the
scaffolding domain of zebraﬁsh Cav-1 proteins is almost identical to
those in human (Fig. 9A). To address whether Cav-1 proteins from
different species share similar functions in regulation of dorsoventral
patterning, effects of human Cav-1α and -1β on zebraﬁsh dorsoven-
tral patterning were ﬁrst monitored by embryonic morphology and
WISH assays. Overexpression of human Cav-1α or -1β caused 8.2 to
9.9% of embryonic ventralization at 24 hpf, respectively (Fig. 9B).
Expression of dorsal maker genes chordin and gsc decreased and
expression of ventral maker genes eve1, bmp2b and gata1 increased in
these ventralized embryos (Fig. 9C). Altered expression patterns of
dorsoventral marker genes in most Cav-1 knockdown embryos were
rescued by overexpression of the corresponding human Cav-1 isoform
(Fig. 9C). Total number of embryos detected and ratios of embryos
with decreased or increased expression of dorsoventral marker genes
are summarized in Figs. 9D and E.
We further tested effects of human Cav-1α on activity of Wnt/β-
catenin signaling in developing embryos in vivo and transfected ZF4
cells in vitro. Overexpression of human Cav-1α or -1β (Fig. 9F)
signiﬁcantly inhibited β-catenin-induced luciferase activity of Top-
ﬂash reporter in developing zebraﬁsh embryos (pb0.01). Similarﬁndings were observed after co-transfection of Cav-1-expressing
plasmid with the Top-ﬂash reporter in transfected ZF4 cells (data not
shown). These data indicate that Cav-1s from human and zebraﬁsh
possess similar ventralizing activity and inhibitory effects on Wnt
signaling both in vitro and in vivo.
Discussion
In this study, we have addressed the regulatory mechanism(s) of
dorsoventral patterning by Cav-1 proteins in zebraﬁsh. We demon-
strate that ectopic expression of either Cav-1 isoform results in the
loss of dorsoanterior structures during early embryonic development
of zebraﬁsh. These phenotypes are similar to those seen in ichabod
mutant embryos, in which dorsal accumulation of maternal β-catenin
is disrupted (Bellipanni et al., 2006; Kelly et al., 2000). The
ventralizing activity of Cav-1 proteins was conﬁrmed by its inhibition
of dorsal marker genes and induction of ventral marker genes.
Conversely, Cav-1 knockdown led to abnormal embryos that resemble
those described before (Fang et al., 2006). Expression patterns of
several dorsoventral maker genes in Cav-1 knockdown embryos were
opposite to those in Cav-1 overexpressing embryos. We further
showed that Cav-1 proteins affected the activity of canonical Wnt
signaling via its direct interaction with β-catenin. This physical
interaction occurs between residues 95–98 in the scaffolding domain
of Cav-1 and residues 330–337 in the armadillo repeats of β-catenin1,
and is genetically necessary for the ventralizing activity of Cav-1
proteins. Moreover, binding to Cav-1 inhibited the translocation of β-
catenin into nuclei of cells, but showed little effect on degradation of
β-catenin. Finally, it appears that human Cav-1 proteins have similar
functions as zebraﬁsh Cav-1. Cumulatively, these studies provide
strong evidence of a functional role for Cav-1 proteins in stabilizing
dorsoventral patterning by limiting translocation of active β-catenin
into nuclei of cells.
Several lines of evidence from this study suggest that functions of
Cav-1 proteins in dorsoventral patterning are closely related to
maternal β-catenin. First, Cav-1α and -β are of maternal origin, since
cav-1 transcripts were detected in one-cell stage embryos (Fig. S4A)
and in developing embryos at 0.7 hpf (Fang et al., 2006). Second,
Fig. 9. Cav-1 proteins from different species mediate conserved ventralizing activity. (A) Amino acid sequence analysis of human and zebraﬁsh Cav-1 (GenBank # of human Cav-1α
and -1β: NP_001744 and ABW22626; GenBank # of zebraﬁsh Cav-1α and -1β: NP_997816 and NP_001019333). Caveolin scaffolding domain was shown in a red box.
(B) Overexpression of human cav-1 ventralizes zebraﬁsh embryos. Embryos at one-cell stage were injected with 300 pg human cav-1α or -1βmRNA. Total ventralized embryos (T)
were divided into three groups: mild (M), intermediate (I) and severe (S). (C) Expression patterns of dorsoventral genes in embryos injected with 300 pg human cav-1α mRNA,
300 pg human cav-1βmRNA, 150 pg human cav-1αmRNA plus 10 ng zebraﬁsh cav-1α-MO, or 150 pg human cav-1βmRNA plus 10 ng zebraﬁsh cav-1β-MO. Developmental stages
are shown at the bottom. Animal pole views of embryos at shield stage with the dorsal toward the right for chordin and eve1. Dorsal views of embryos at shield stage with animal pole
toward the top for gsc. Lateral views of embryos at shield stage with the dorsal toward the right for bmp2b. Lateral views of embryos at 24 hpf with anterior to the left for gata1.
(D–E)Percentage of embryos with decreased or increased expression of marker genes in (C). Total numbers of embryos examined are indicated at the bottom. (F) Co-injection of
150 pg human cav-1α mRNA into embryos at one-cell stage blocked activation of the Top-ﬂash luciferase reporter by injection of 150 pg β-cat mRNA, but not that by injection of
150 pg β-cat-M mRNA. **indicates pb0.01 vs. embryos injected with Top-ﬂash plus β-cat mRNA.
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signaling and expression of its downstream genes during early
development of zebraﬁsh. Third, ectopic expression of Cav-1 leads
to ventralized embryos that are similar to those of ichabod mutant
(Kelly et al., 2000), suggesting that Cav-1 proteins may interact with
maternal β-catenin. Fourth, overexpression of Cav-1 inhibited
expression of boz, gsc and chordin, but stimulated expression of
bmp2b and bmp4. Fifth, overexpression of Cav-1 was able to rescue
some of dorsalized embryos induced by β-catenin1 or β-catenin2, but
not those by β-catenin1 mutant. Moreover, it has been shown that
activity of zygotic β-catenin in ventral and posterior patterning is
opposite to that of maternal β-catenin in early dorsal development of
zebraﬁsh (Bellipanni et al., 2006; Lekven et al., 2001; Shimizu et al.,
2005). The opposing activities of maternal and zygotic β-catenin in
dorsal development might attenuate the ventralizing activity of Cav-1
proteins in early dorsoventral patterning. However, our data indicatethat Cav-1 proteins have little effects on zygotic Wnt/β-catenin
activity in embryos before 12 hpf, since expression patterns of wnt8a
and tbx6 genes, two hallmarks of zygotic Wnt/β-catenin activation,
was minimally affected by overexpression or knockdown of Cav-1. In
addition, transcripts of two β-catenin genes are observed at the one-
cell stage, ubiquitously at sphere and 90% epiboly stages, and there
was somewhat more pronounced expression of both genes in the
dorsal midline at the 90% epiboly stage (Bellipanni et al., 2006), while
cav-1 genes appear to be ubiquitiously expressed before 12 hpf (Fig.
S4A). Furthermore, putative Cav-1 binding motifs in β-catenin1 and
β-catenin2 contain the same amino acid sequence, suggesting that
Cav-1 regulates their activities through the same binding mechanism.
Thus, the activity of Cav-1 proteins in dorsoventral patterning may
mainly be attributable to its limitation of maternal β-catenin activity
on the dorsal side rather than control of β-catenin distribution or
expression along the dorsoventral axis.
222 S. Mo et al. / Developmental Biology 344 (2010) 210–223Cav-1 proteins have been shown to interact with a number of
components of multiple signaling pathways (Razani et al., 2000). In
this study, we have demonstrated that overexpression of Cav-1
proteins mainly inhibits activity of Wnt/β-catenin signaling in early
developing zebraﬁsh embryos. This apparent preference of Cav-1 to
inhibit Wnt signaling may be related to the possible “saturation” of its
interactions with components of other signaling pathways, since our
data suggest that expression of Cav-1 is higher before 12 hpf than it is
after 12 hpf (Figs. S4A and B). However, knockdown of either isoforms
of Cav-1 led to abnormal zebraﬁsh embryos in which expression
patterns of dorsoventral maker genes are opposite to those in
ventralized embryos. The complex phenotypes of Cav-1 knockdown
embryos at 24 hpf may represent a combinatorial outcome of
alterations in the activities of multiple signaling pathways that are
able to affect many aspects of zebraﬁsh embryonic development, since
knockdown of Cav-1 signiﬁcantly enhanced luciferase activities of
reporters for Wnt/β-catenin, Nodal and BMP signaling in developing
embryos at 24 hpf. Further studies are required to address whether
Cav-1 proteins control speciﬁcation of tissues and organs by its
interaction with components of local intracellular signaling pathways
since cav-1 transcripts were mainly detected in the anterior regions of
zebraﬁsh after 12 hpf.
It has been reported that two isoforms of Cav-1 have several non-
overlapping functions in zebraﬁsh development and these differences
may be related to the ability of Cav-1α to undergo tyrosine
phosphorylation at residue 14 (Fang et al., 2006). However, we have
noted that both isoforms of Cav-1 have redundant/overlapping
functions in zebraﬁsh dorsoventral patterning and the Y14phosphory-
lation site is not required for dorsoventral patterning; in our studies,
mutation at phosphorylation site has no effects on ventralizing activity
of Cav-1 and on expression patterns of dorsoventral maker genes.
Additionally, we found that mutation at the Y14 site of Cav-1α has no
effects on its interaction of Cav-1α with β-catenin (data not shown).
These ﬁndings suggest that this functional domain in the C-terminal of
Cav-1α and -β exert similar biological functions during embryonic
development.
It is known that major active pools of β-catenin in the cell include
those bound to E-cadherin (Kam and Quaranta, 2009; Orsulic et al.,
1999; Wheelock and Knudsen, 1991), TCF-type transcription factors
(Molenaar et al., 1996) and the APC–axin-containing protein complex
(Behrens et al., 1998). Cadherin-bound β-catenin was recently shown
to feed into the Wnt pathway upon the dissociation of adherent
junctions, which provides an evidence of interaction among β-catenin
pools (Kam and Quaranta, 2009). An inactive pool of β-catenin could
arise from either the presence of inhibitory binding proteins, or from a
post-translational modiﬁcation and/or conformational change in the
β-catenin interaction interface (Gottardi and Gumbiner, 2001). In this
study, we have demonstrated that the scaffolding domain of Cav-1
tightly binds to the putative Cav-1 binding motif of β-catenin. Binding
to Cav-1 prevents active β-catenin from entering the nuclei, but has
no signiﬁcant effects on the overall levels of overexpressed HA-β-
catenin in ZF4 cells. Thus, Cav-1 proteins inhibit the activity of
canonicalWnt signalingmainly by competitive interactionwith active
β-catenin. However, it remains unclear whether other factors are
involved in or affected by the Cav-1 and β-catenin interaction and
how this interaction controls the speciﬁcation of tissues during
embryonic development.
Cav-1 proteins are able to modulate multiple signaling pathways
by its interactions with a relatively large number of signaling
molecules in either a scaffolding binding-dependent or -independent
manner (Razani et al., 2000). Among of these pathways, Wnt/β-
catenin signaling is critical for embryonic development, organogenesis
and oncogenesis (Cadigan and Nusse, 1997; Logan and Nusse, 2004;
Peifer and Polakis, 2000). Since β-catenin is involved in both cell
adhesion and canonicalWnt signaling, its aberrant activation is closely
related to uncontrolled cell division in various tumor tissues (Karim etal., 2004; Vincan, 2004). Recent evidence suggests that β-catenin also
plays an important role in development, regeneration and cancer
pathogenesis of liver (Monga, 2006; Monga et al., 2003; Sodhi et al.,
2005). Our currentﬁnding that Cav-1 proteins are direct antagonists of
active β-catenin indicates that they are critical regulators of the
activity of Wnt/β-catenin signaling. It will be of great interest to
investigate the activity and regulation of β-catenin signaling in
pathological contexts of altered patterns and/or levels of Cav-1
expression.
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